Bone is often subject to harsh temperatures during orthopaedic procedures resulting in thermally induced bone damage, which may affect the healing response. Postsurgical healing of bone is essential to the success of surgery, therefore, an understanding of the thermally induced responses of bone cells to clinically relevant temperatures in vivo is required. Osteocytes have been shown to be integrally involved in the bone remodelling cascade, via apoptosis, in micro-damage systems. However, it is unknown whether this relationship is similar following thermal damage. Sprague-Dawley rat tibia were exposed to clinically relevant temperatures (478C or 608C) to investigate the role of osteocytes in modulating remodelling related factors. Immunohistochemistry was used to quantify osteocyte thermal damage (activated caspase-3). Thermally induced pro-osteoclastogenic genes (Rankl, Opg and M-csf ), in addition to genes known to mediate osteoblast and osteoclast differentiation via prostaglandin production (Cox2), vascularization (Vegf ) and inflammatory (Il1a) responses, were investigated using gene expression analysis. The results demonstrate that heat-treatment induced significant bone tissue and cellular damage. Pro-osteoclastogenic genes were upregulated depending on the amount of temperature elevation compared with the control. Taken together, the results of this study demonstrate the in vivo effect of thermally induced osteocyte damage on the gene expression profile.
Introduction
Orthopaedic surgeries often require bone resection, via cutting tools, to gain access to specific skeletal sites. The techniques used often generate significant amounts of heat which can destroy the integrity of the surrounding bone tissues. When damage occurs, bone cells are activated to facilitate its repair, thus regaining mechanical integrity as quickly as possible. There is some evidence that thermal damage results in delayed healing at the surgical site [1] [2] [3] . Developing a better understanding of thermal injury in this setting will allow us to minimize such delays and optimize tissue repair after surgery.
Temperature elevations in bone tissue can trigger cellular responses, which in turn lead to organ level reactions, the extent of which is often dependent on the temperature and duration of exposure [4] [5] [6] . Recent in vitro studies have provided novel insights into bone cell damage, mineralization capacity and gene expression changes following exposure to clinically relevant temperature increases [1, 2] . Specifically, exposure of bone cells to temperatures exceeding 458C in vitro was shown to cause necrosis and apoptosis, depending on the extent and duration of exposure [6] . Interestingly, osteocyte-like cells (MLO-Y4s) were more resilient to heat-induced cellular death than osteoblast-like cells (MC3T3-E1s), which may reflect the sensory role of osteocytes, which are known to detect and communicate the need to repair damage within bone tissue. Additionally, heat-treatment of MLO-Y4s (exposed to 478C for 1 min) caused a pro-osteogenic response (upregulation in Opg and Cox2) in vitro, whereas a separate cell population of non-heated MLO-Y4s in co-culture demonstrated an initial pro-osteoclastogenic gene expression response (increased Rankl and Rankl/Opg ratio) followed by later stage pro-osteogenic gene expression (downregulation of Rankl and the Rankl/Opg ratio and an upregulation in Opg and Cox2) [7] . The pro-osteogenic gene expression by heat-treated MLO-Y4s supports the enhanced mineralization response of MSCs and MC3T3-E1s after direct exposure to elevated temperatures (greater than or equal to 478C for 1 min) as shown previously [6] . Although these results shed light on thermally induced cellular responses, cell culture techniques represent a simplified two-dimensional environment, which permits isolation and identification of individual cellular responses and key signalling pathways. However, the in vivo bone cell milieu is a more complex environment, which involves intercellular signalling and coordination between many cell types and their extracellular matrix [8] .
In a rabbit model, exposure of bone tissue to temperatures greater than or equal to 608C was shown to result in permanent cessation of blood flow and bone tissue necrosis (histological observations under intravital microscopy), which showed no sign of recovery after 100 days [1, 4, 9] . However, thermally induced tissue damage and the resulting physiological cell response in vivo are not fully understood. Therefore, it is not known whether the thermally induced responses that occur in vitro [6, 7] also occur in vivo. Thus, in this study the direct effects of thermal elevations on bone cells in vivo are investigated.
It has long been established that bone tissue micro-damage is remodelled by the highly coordinated action of osteoclasts and osteoblasts in basic multicellular units (BMU) [10] [11] [12] . Frost [12] proposed that osteocytes respond to micro-damage by detecting changes in the mechanical environment and converting these signals to biochemical cues to trigger bone remodelling. Surgically induced damage and fatigue-induced micro-damage to bone are well-known initiators of osteocyte apoptosis [13] [14] [15] [16] [17] . More recently, it has been shown that micro-damage induces localized osteocyte apoptosis, which causes upregulation of the pro-osteoclastogenic factor Rankl together with a downregulation of the Rankl inhibitor Opg by nearby non-injured cells, initiating the bone remodelling process to repair damaged tissues [13] [14] [15] 18] . It is intriguing to speculate that thermally induced damage might activate bone remodelling in a similar fashion. However, thermally induced osteocyte apoptosis has never been investigated in vivo and furthermore the gene expression responses that link thermal osteocyte damage to activation and regulation of remodelling remain unknown.
The specific objectives of this study were to test the effect of clinically relevant temperatures increases (478C or 608C determined previously [6, 19] ) on osteocyte apoptosis and gene expression responses in vivo. Immunohistochemistry (IHC) staining was used to determine the spatial distribution of apoptotic signalling marker cleaved caspase-3 in osteocytes in the damage region. Furthermore, thermally induced pro-osteoclastogenic genes (Rankl, Opg and M-csf), in addition to genes known to mediate prostaglandin production (regulator of both osteoblast and osteoclast differentiation) (Cox2), vascularization (Vegf) and inflammatory (Il1) responses, were investigated using gene expression analysis.
Material and methods

Development and validation of thermal injury model
Temperature validation was performed on ex vivo skeletally mature Sprague-Dawley rat tibia samples (n ¼ 6, 15 weeks old, Charles River, MA, USA) using a thermal probe. Freshly harvested tibiae were isolated and cut 1 cm distal to the tibio-fibular junction to expose the marrow cavity. A thermocouple was inserted into the marrow cavity and placed at the frontal endosteal surface directly anterior to the tibia-fibula junction (figure 1). Samples were preheated to 378C in a water bath. A sterile nickel-plated copper thermal probe (diameter 1 mm) (Preservation Equipment Ltd, UK) was placed on the tibial periosteal surface, adjacent to the underlying thermocouple. Immediately after the periosteal surface of the bone was exposed to 478C or 608C (at the probe tip +38C) for 1 min, measurements were taken using the thermocouple at the endosteal surface. Temperatures were measured at three discrete locations; 0, 2 and 4 mm from the centre of the thermal probe (figure 1).
Thermal injury model in vivo
For in vivo thermal injury experiments, skeletally mature female Sprague-Dawley rats (n ¼ 24, 15 weeks old, Charles River) were used. Animals were anaesthetized using isoflurane via gas inhalation and a small incision was made through the skin on the anterior tibial surface to expose the underlying bone. The thermal injury procedure was carried out as described above with the probe applied to the frontal periosteal surface anterior to the tibiafibula junction and a temperature of 478C (n ¼ 12) or 608C (n ¼ 12) was applied and maintained for 1 min, after which the wound was closed with Tissue Glue (Loctite, USA) [20, 21] . A sham incision was made on contralateral limbs, which served as controls for all analyses. Animals were randomly allocated to the experimental groups, where all animals in the 478C group were treated first followed by the 608C group. Following surgery, animals received subcutaneous injections of buprenorphine (0.025 mg kg 21 ) for analgesia. All animals had unrestricted cage activity and ad libitum access to food and water. After 3 days recovery, animals were visually assessed, euthanized, tibiae were dissected and used for either gene expression analyses or IHC studies, as described below.
Immunohistochemistry
Bone samples (1 cm in length) were harvested from the thermal injury region at the tibio-fibular junction of injured and control limbs, using a Dremel rotary tool (Dremel, USA). Samples were fixed in formalin, decalcified in formic acid, dehydrated in ethylene glycol monoethyl ether, cleared in methyl salicylate and embedded in paraffin [14, 18] . Cross-sections (4 mm thick) were cut using a microtome (Leica RM2235) and glass mounted. Sections were deparaffinized in xylene and re-hydrated in graded ethanol. Osteocyte apoptosis was quantified by immunohistochemical staining for cleaved caspase-3. Samples from the heattreated (478C (n ¼ 6) or 608C (n ¼ 6)) and control limbs were treated for 30 min with 20 mg ml 21 of proteinase K in TE buffer for antigen retrieval, and then blocked for 30 min to prevent nonspecific staining (Protein Block, Dako Diagnostics IRL Ltd) [18] . Sections were then incubated at 48C overnight with a 1 : 100 dilution of rabbit antibody against cleaved caspase-3 (#9661, Cell Signaling Technologies, Carpinteria, CA, USA) followed by 1 h incubation with a 1 : 700 dilution of Alexa Fluor 488-conjugated 28 antibody (A11029, Invitrogen, CA, USA). All sections were counterstained with nuclear dye DAPI Vectashield mounting medium, which emits blue fluorescence upon binding to DNA.
Appropriate positive and negative controls were examined. Up to 52% of detectable caspase-3 staining in bone marrow biopsies from control patients was reported by Elghetany et al. [22] , while bone marrow cells have also been shown to stain positive for caspase-3 in the distal femur of 12 week old mice by Lisse et al. [23] . Therefore, the bone marrow at the centre of each section was used as an internal positive control. In the case of the negative control, the primary antibody was replaced by blocking solution. Sections were examined and images acquired with a 4Â -40Â magnification objective under fluorescence microscopy using an Olympus BX51 Upright Fluorescent Microscope (Olympus, USA).
Quantitative analysis of non-viable tissue
Areas devoid of DAPI reaction have been reported in cases of osteonecrosis of the jaw, whereby DAPI-negative regions represent areas of necrosis [24] . The area of non-viable tissue was quantified using Image J analysis of the region of DAPI-negative cells. Regions of interest, 0.2 mm apart along the length on the tibia, were analysed and the areas devoid of DAPI stain were quantified. Thirteen regions were analysed for animals exposed to 608C, as the area of damage was larger for the higher temperature exposure, whereas seven regions were analysed for animals exposed to 478C. In each case, 0 mm represents the estimated centre of the region where the heated probe was placed (see figures 1 and 4 and table 2).
Quantitative analysis of apoptosis
Expression of the apoptotic marker cleaved caspase-3 in osteocytes was examined and quantified. Osteocytes that were double-stained for caspase-3 and DAPI depict apoptotic cells (figures 5 and 6). The number of DAPI-positive osteocytes and the number of double-stained (caspase-3 plus DAPI positive) osteocytes within 50 mm of the border of non-viable tissue were counted using Image J. The largest apoptotic response has been determined to occur within less than or equal to 50 mm of fatigue-induced micro-damage [14] .
Gene expression
The periosteum was removed from the thermal injury zone (0.5 cm superior and inferior of the tibia-fibula junction). The marrow was flushed out of the bone segment and bone tissue samples were flash frozen in liquid nitrogen. From a cell population standpoint, having no periosteum or marrow, these samples constitute an osteocyteenriched system. Frozen samples were pulverized using a ball mill and total RNA was extracted using an RNeasy mini kit (Qiagen) with DNase treatment. RNA was quantified and checked for quality using a spectrophotometer before being converted to cDNA, using a cDNA synthesis kit (Omega Biosciences) and Gene Amp 9700A Thermal cycler (Applied Biosystems), as described previously [7] .
Synthesized cDNA was analysed by real-time polymerase chain reaction (RT-PCR) for the expression of key genes related to the activation of remodelling; receptor activator of nuclear factor kappa-B ligand (Rankl), Rankl inhibitor, osperprotegrin (Opg) [25] , macrophage colony-stimulating factor (M-csf ) [26] , cyclooxyhenase-2 (Cox2) a gene related to the activation of prostaglandin production, which is known to affect osteoclast and osteoblast differentiation [27, 28] . Vascular endothelial growth factor (Vegf ) for angiogenesis [29, 30] and interleukin 1 (Il1a) for inflammation [31] were also analysed. Ribosomal RNA (18S) was used as a housekeeping gene. RT-PCR was performed on a StepOnePlus analyser (Applied Biosystems) using the SYBR green detection system and Oligo (dT) primer probes (Invitrogen). PCR primer pairs, designed using Primer Express v. 3.0 software, are shown in table 1. Table 1 . Candidate genes and associated PCR primer pair sequences. 
Results
Temperature validation of thermal injury model
The average cortical thickness in our validation experiments (n ¼ 12), measured at tibia-fibula junction was 0.43 + 0.04 mm. This represents the distance between the thermal probe and the thermocouple across which temperatures were measured. Temperature profiles of bone, measured on the endosteal surface (figure 1) for exposure of cadaver tibia to 478C and 608C for 1 min are shown in table 2.
The maximum temperature measured at the endosteal surface, when the periosteum was heated to 478C for 1 min, was 44.33 + 1.158C at point 1, shown in figure 1. At points 2 and 3, temperatures of 42.23 + 1.048C and 40.33 + 1.538C were measured respectively, shown in table 2. In this case, the temperatures measured on the endosteal surface remained below the threshold temperature of thermal necrosis (478C) [19] .
After the periosteal surface was exposed to 608C for 1 min, the maximum temperature measured on the endosteal surface was 50.67 + 1.168C, at point 1 as seen in figure 1. In this case, temperatures measured on the endosteal surface at point 1 were greater than the threshold temperature of 478C [19] . 3.2. The area of non-viable tissue is increased when the tissue is exposed to 608C
The area of non-viable tissue, as defined by the lack of distinct DAPI-stained region, can be seen in figures 2a,b, and 3a,b, for animals exposed to 478C and 608C for 1 min, compared with the contralateral controls, respectively. The white broken lines in figures 2c and 3c highlight the outer border of the DAPI-negative region, and as such the area of non-viable tissue, which was then quantified using Image J. Each image was thresholded, the region of DAPI-negative staining was outlined, as shown in figures 2d and 3d, and the area was then quantified, as shown in figure 4 . Four consecutive sections were analysed at each of the discrete locations (0.2 mm apart) along the z-axis for each animal.
The area was consistently significantly larger at each of the discrete regions of interest analysed (*p 0.0052) for the animals exposed to 608C compared with 478C for 1 min, as shown in figure 4 . In the case of the groups exposed to 608C, the area became progressively smaller as the distance from the centre of the probe (0 mm) increased. A similar trend was observed in the groups exposed to 478C, although the area of non-viable tissue (DAPI-negative) was significantly lower at all points, becoming negligible at +0.6 mm from the centre. There were no DAPI-negative regions in the contralateral controls, as can be seen in figures 2 and 3, as no thermal elevations were applied, therefore controls were not included in figure 4.
The area of apoptosis is increased when the tissue is exposed to 608C
Representative negative (no caspase-3 primary antibody) and positive bone marrow controls can be seen in electronic supplementary material, figure S1a,b respectively. Thermally induced osteocyte apoptosis (caspase-3-positive plus DAPI-positive staining), non-viable tissue (DAPI-negative staining) and viable osteocytes (DAPIpositive staining) can be seen clearly in figures 5 and 6, for exposure of bone tissue to 478C and 608C for 1 min, respectively. Caspase-3 staining was rarely seen in the contralateral controls, as seen in figures 5, 6 and 7.
The percentage of double-stained osteocytes (caspase-3 plus DAPI positive) per osteocyte population (DAPI positive) can be seen in figure 7 , for animals exposed to temperatures of 478C and 608C for 1 min, compared with their contralateral controls. Both treatment groups showed significantly higher caspase-3 plus DAPI staining; 478C (*p ¼ 0.003) and 608C (*p ¼ 0.001) compared with their contralateral controls, as shown in figure 7 .
There was no difference between the numbers of DAPIpositive osteocytes local to the border of non-viable tissue for both treatment groups, while the number of double-stained osteocytes decreased with increasing distance from the border; as such the region less than or equal to 50 mm from the border was quantified. There was no statistical difference between the percentages of double-stained osteocytes for groups exposed to 608C, compared with 478C. However, it must be noted that the area of non-viable tissue, and resulting border, was significantly larger (more than six-times larger) in the groups exposed to 608C compared with 478C, as identified in the previous section. Therefore, although there was no significant difference in the percentage of apoptotic osteocytes adjacent to the surface border for both treatment groups, the length of the border was significantly longer for the groups exposed to 608C, and as such the resulting total number of apoptotic osteocytes was larger.
Pro-osteoclastogenic gene expression in osteocytes is temperature dependent
Rankl expression was significantly upregulated in osteocytes exposed to 478C (*p ¼ 0.049) and 608C (*p ¼ 0.045), compared with the control, as shown in figure 8a,b. Opg expression was not significantly upregulated in osteocytes exposed to 478C ( p ¼ 0.701) or to 608C ( p ¼ 0.081) compared with the control, as shown in figure 8c,d. M-csf expression was upregulated in osteocytes exposed to 478C (*p ¼ 0.028) and 608C ( p ¼ 0.081), compared with the control, albeit significantly so in osteocytes exposed to 478C, as shown in figure 8e,f. Cox2 expression was significantly upregulated in osteocytes exposed to both 478C (*p ¼ 0. 
Discussion
The results of this study demonstrate that exposure of rat tibia to 478C and 608C induced significant damage (non-viable/necrotic tissue and apoptotic responses), as well as pro-osteoclastic gene expression by embedded osteocytes, and that these responses were temperature dependant. A significantly larger area of non-viable tissue (DAPI-negative staining) was observed in animals heat-treated to 608C, compared with 478C for 1 min, after 3 days recovery. Furthermore, a significantly increased apoptotic response (caspase-3-positive staining) was observed in the groups heat-treated to 608C, compared with the controls and 478C for 1 min. It was demonstrated by RT-PCR techniques that pro-osteoclastogenic genes were expressed relative to the severity of temperature elevation after 3 days recovery.
Specifically, a significant upregulation in both proosteoclastogenic genes, Rankl and M-csf, was seen in the groups heat-treated to 478C and Rankl alone in the groups heat-treated to 608C. Additionally, a significant upregulation in Cox2, a prostaglandin mediator that regulates both osteoblast and osteoclast differentiation [27, 28] was seen in both groups exposed to heat-treatment (478C and 608C), compared with their controls. Furthermore, Il1a, a known marker for inflammation [31] , was not significantly upregulated in either heattreated group compared with the controls, suggesting that inflammation was not the driver of the changes in the gene expression observed in this study. Taken together, the results of this study link the effects of initial thermally induced osteocyte damage to changes in the osteocyte gene expression profile in vivo.
Large regions of DAPI-negative staining were observed local to the point of application of the thermal probe, in animals treated to 478C and 608C, after 3 days recovery. DAPI emits blue fluorescence upon binding to DNA and thus the regions of DAPI-negative stain observed in this study signify areas where the cells have already died and the DNA has degraded. Future studies incorporating a triple staining technique with both lactate dehydrogenase staining of viable cells in combination with propidium iodide staining of necrotic cells [32, 33] , together with caspase-3 staining of apoptotic cells (demonstrated in this study) would elucidate the mechanism of cell death. Nonetheless, in this study the DAPI-negative area was seen to increase with the severity of temperature elevation. Similar areas devoid of a DAPI reaction have been reported in cases of osteonecrosis of the jaw [24] . Lundskog et al. also reported a dose-dependent relationship between the area (greater than 0.1-1 mm 2 )
with inhibited diaphorase activity (marker of cell viability) and the severity of temperature elevations (50 -808C for 30 s) by osteocytes in vivo [5] . However, Lundskog inserted a scalding device into pre-drilled holes in cortical bone, as such the bone was subjected to mechanical damage caused by the drilling process and may thereby have overestimated the thermally induced response. The results of this study enabled the de-coupling of thermally induced responses from mechanical damage and as such reports thermally induced damage responses. In the case of osteocytes, the osteoclastic response required to engulf apoptotic cells is complex as they are buried deep within the mineralized bone tissue and are difficult to access. Therefore, it may be necessary for apoptotic osteocytes to signal neighbouring healthy cells, which in turn signal to activate nearby pre-osteoclasts [14, 18, [34] [35] [36] [37] . A recent study demonstrated that, although osteocyte apoptosis triggers the bone remodelling response to microdamage, the neighbouring non-apoptotic osteocytes are the major source of pro-osteoclastogenic signals [14, 18] . Interestingly, in this study a region of caspase-3 positive staining was seen local to the border of non-viable tissue, albeit that there was no significant difference in the percentage of apoptotic osteocytes local to this border between groups exposed to 478C and 608C. As a larger area of non-viable tissue (more than six-times larger) was induced by exposure to 608C compared with 478C and the contralateral controls, the total number of apoptotic osteocytes is therefore larger in the animals exposed to 608C, as apoptotic osteocytes were always found along the border of non-viable tissue. Thus, based on the results of this study we propose that the non-viable area is central in governing the thermally induced responses and is dependent on the severity of thermal elevation. The area of non-viable tissue, and resulting border, determines the extent of the apoptotic response, as apoptotic cells are found local to this border. The results shown in this study support the theory that osteocyte apoptosis is the underlying mechanism that initiates the remodelling response by signalling to activate nearby cells, but furthermore suggests that the Pro-osteoclastogenic gene expression was observed in the groups exposed to heat-treatment, the extent of which was dependent on the severity. A large pro-osteoclastogenic response was observed in groups treated to 478C, as demonstrated by an upregulation in Rankl and M-csf, and Rankl alone in groups treated to 608C. In previous studies, MLO-Y4s exposed to 478C for 1 min elicited pro-osteoblastogenic gene expression, whereby Rankl and the Rankl/Opg ratio was consistently downregulated, while Opg and Cox2 were significantly upregulated by day 7 [7] . Additionally, heat-treated MLO-Y4s directly initiated nearby non-heat-treated pre-osteoblastic MSCs to undergo osteogenic differentiation. Interestingly, non-heattreated MLO-Y4s in co-culture with the heat-treated MLO-Y4s demonstrated an initial pro-osteoclastogenic gene expression response, whereby an upregulation in Rankl and the Rankl/ Opg ratio was observed [7] . The results of this study show that similar responses occur in vivo, whereby when the bone tissue was exposed to 478C, a remodelling gene expression response was initiated by osteocytes by significantly upregulating the pro-osteoclastogenic genes Rankl and M-csf. Cox2, a prostaglandin mediator which has been shown to affect both osteoclasts and osteoblasts [27, 28] , is also significantly upregulated in osteocytes exposed to heat treatment (478C and 608C) compared with the control. Thus the authors propose that, at 478C, nearby nonheat-treated osteocytes may be dominant in governing a proosteoclastogenic gene expression response (upregulation in Rankl, M-csf and Cox2), and a minimal area of non-viable rsif.royalsocietypublishing.org J. R. Soc. Interface 13: 20160337 tissue and apoptosis of the heat-treated osteocytes themselves occurs. This is in agreement with Kennedy et al., who report a similar response after micro-crack induced apoptosis [14, 18] . They report that although osteocyte apoptosis triggers the bone remodelling response to micro-damage, the neighbouring non-apoptotic cells are the major source of pro-osteoclastogenic signals [18] . When the bone tissue was exposed to 608C, a significantly increased area of non-viable tissue and apoptotic osteocytes was observed. In this case Rankl and Cox2 are significantly upregulated, but M-csf is not, suggesting a dampened pro-osteoclastogenic signalling response compared with the groups exposed to 478C. Interestingly, in a previous in vitro study we report that exposure of pre-osteoblastic cells (Balb/c MSC and MC3T3-E1) to severe temperatures of 608C for 30 s and 1 min enhanced alkaline phosphatase expression and calcium deposition [6] , demonstrating a pro-osteogenic response. Furthermore, a recent study demonstrated the crucial role of apoptosis (caspase-3) in the osteogenic differentiation of bone marrow stromal cells, whereby delayed ossification and decreased bone mineral density was observed in caspase-3 deficient mice [38] . The authors propose that at higher temperatures more damage is induced to the osteocyte population and that the signalling response is governed by the thermally damaged cell population, not the nearby cells. However, future studies are required to establish a cause-effect relationship by inhibiting osteocyte apoptosis to confirm this hypothesis. This study identifies for the first time an osteocyte driven pro-osteoclastogenic gene expression response, which is governed by temperature-dependant thermal damage in vivo. Taken together, these results quantify the effects of temperature elevations on osteocytes in vivo and elucidate the progression of initial cell thermal damage (non-viable tissue and apoptosis) to the resorption gene expression responses, confirming the vital role of osteocytes in responding to thermal damage.
Temperature is particularly difficult to control in the laboratory environment (due to ambient cooling) and as such, uncertainty in temperature measurement and exposure is a Figure 8 . Rankl (a and b), Opg (c and d ) and M-csf (e and f ) gene expression from osteocyte-enriched segment of rat tibia after heat-treatment to 478C (n ¼ 6) and 608C (n ¼ 6) for 1 min compared with their contralateral controls (n ¼ 6) 3 days post-surgery (paired students t-test where *p 0.05).
possible limitation of this study. However, a number of preliminary experiments were performed to validate the temperature model and minimize discrepancies in the applied temperatures. The use of a single time-point for analysis is a second potential limitation. We previously observed that a change in apoptosis arises after in vitro heat-treatment of MLO-Y4 s from 12 h to 4 days recovery periods [6] and pro-osteoclastogenic gene expression by MSCs was observed 1 day after heat-treatment, whereas pro-osteoblastic gene expression was only significant at day 7 [7] . It has also been shown that the number of apoptotic osteocytes decreased from day 3 to day 7 after micro-damage, whereas Rankl/Opg and Vegf expression were progressively upregulated from day 3 to day 7 [14] . For this reason, the time-point of 3 days was chosen to investigate thermally induced damage responses. A further limitation of this study was that cells of the periosteum and bone marrow were not quantified for cell death or apoptosis, or analysed by the gene expression analysis. The native in vivo bone environment is a very complex system involving intercellular signalling between many cell types including cells of the periosteum and bone marrow. However, in order to specifically isolate and identify key damage and gene expression responses, our study investigated the direct effects of thermal elevations on the osteocyte population in vivo. Additionally, it is intriguing to speculate on the location of apoptotic osteocytes relative to the osteocytes upregulating the expression of osteoclastogenic genes (Rankl, Opg and M-csf). Kennedy et al. demonstrated that while osteocyte apoptosis triggers the bone remodelling response to microdamage, the neighbouring non-apoptotic osteocytes are the major source of pro-osteoclastogenic signals. However, whether this is true in the case of thermal damage is unknown. In order to establish a cause-effect relationship between thermally induced osteocyte apoptosis and pro-osteoclastogenic responses future studies could incorporate an apoptosis inhibitor as demonstrated by Kennedy et al. [18] , together with a double-staining IHC technique [14] . Furthermore, this technique could probe the link between apoptosis and pro-osteogenic responses also by analysing additional pro-osteogenic genes such as Dkk1 and sclerostin [39] . Additionally, no significant difference was Figure 9 . Cox2 (a and b), IL1a (c and d ) and Vegf (e and f ) gene expression from osteocyte-enriched segment of rat tibia after heat-treatment to 478C (n ¼ 6) and 608C (n ¼ 6) compared with their contralateral controls (n ¼ 6) for 1 min 3 days post-surgery (paired students t-test where *p 0.05).
observed in Il1a expression by osteocytes in this study, albeit that variation was observed between animals, as seen in figure 9c,d. Il6 and TNFa are other important pro-inflammatory molecules affecting differentiation of both osteoclast and osteoblast cell lineages [40, 41] . However, no woven bone response was obvious at the probe site, nor obvious reaction in the periosteum, which suggests to the authors that inflammation was not the driver of the changes in the gene expression observed in this study. Future analysis into the expression of these inflammatory genes may probe the influence of thermally induced inflammatory molecules on osteoblastic and osteoclastic cells. In this study, thermally induced osteocyte damage responses, as well as the resulting changes in the gene expression profile of heat-treated and neighbouring osteocytes, were elucidated in an attempt to further the knowledge of this complex communication network.
In conclusion, the results of this study indicate that thermal elevations elicit responses in osteocytes, which are dependent on the severity of the heat-treatment. This response is characterized by apoptosis and a large area of non-viable tissue in bones exposed to 608C, compared with those at 478C and contralateral controls. Additionally, pro-osteoclastogenic gene expression was observed in bones exposed to 478C and 608C. The results presented in this study, together with our previous studies [6, 7, 19] , provide a novel insight into the effects of the direct exposure of clinically relevant temperatures on bone viability, mineralization capacity and remodelling gene expression responses. These results will inform the future development of orthopaedic cutting techniques that optimize thermal elevations in bone tissue.
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